The Beaver Island group in Lake Michigan comprises nine islands ranging from 0.3 to 144 km 2 , lying approximately 30 km west of Michigan's Lower Peninsula (LP) and 15 km south of the Upper Peninsula (UP). The islands have been isolated from mainland Michigan for most of their postglacial history, but were connected to the mainland LP during the low-water Chippewa stage (ending about 7400 years before present (YBP)). Although plants and animals could have colonized the islands during the Chippewa period, flooding during the subsequent Nipissing high-water stand means that the smaller islands have been colonized more recently. We analyzed 481 bp of mitochondrial D-loop sequences from woodland deer mice (Peromyscus maniculatus (Wagner, 1845)) on six of these islands in northern Lake Michigan to elucidate the mainland origin and minimum number of colonization events for this species. Surprisingly, the distribution of haplotypes on the islands suggests that the populations on most islands likely had separate recent origins on the mainland UP. Approximate Bayesian computation supports a scenario in which individual islands were colonized separately by distinct groups of mice. Together, the data suggest multiple colonization events from the UP, rather than expansion from a bottlenecked population or a single colonization event.
Introduction
Small animals that live on islands have been long been studied as outstanding examples of evolutionary processes, especially speciation, and also as illustrations of long-range dispersal processes. Geologically young islands have been colonized by terrestrial mammals via "sweepstakes" (low probability -large reward) mechanisms, such as swimming, walking across ice, or rafting on floating vegetation (Lomolino 1993; White and Searle 2008) . Small mammals can also be intentionally or accidentally transported by humans (Martínková et al. 2013) . The dispersal mechanisms in turn likely influence subsequent evolutionary processes by determining founder population size and subsequent gene flow on islands.
The shallow northern basin of Lake Michigan contains an archipelago of nine islands ranging in area from 0.3 to 144 km 2 , as well as several smaller islands (<0.3 km 2 ). The islands are arranged in a cluster around the largest in the group, Beaver Island ( Fig. 1) . These islands likely emerged following the glacial retreat over 10 000 years before present (YBP) that created Lake Algonquin, the precursor to today's Lake Michigan (Evenson and Dreimanis 1976; Fisher and Whitman 1999) . Because the Beaver Island group is located over 15 km from the Upper Peninsula (UP) of Michigan, and over 30 km from the Lower Peninsula (LP), the mechanisms by which terrestrial organisms colonized these islands over the last few thousand years have been studied in a variety of taxa. Hatt et al. (1948) suggested that animals could have colonized the islands via a land bridge during the low-water Chippewa stage (9900-7400 YBP), when the northern basin was largely empty and the islands were probably connected to the LP but not the UP. Studies of tree pollen (Kapp et al. 1969 ) and of reptiles and amphibians (Bowen and Gillingham 2004) support the idea that the islands were directly colonized by these and other species during this period of connectivity to the LP. However, recent data indi-cate that Garter Snakes (Thamnophis sirtalis (L., 1758)) and woodland deer mice (Peromyscus maniculatus gracilis (Le Conte, 1855)) on some of the islands are more closely related to populations on the UP than to those on the LP (Meagher 1999; Placyk et al. 2007; Hoffman 2010, 2012) . For some species, therefore, the data do not support the hypothesis that they colonized the islands via a land bridge from the LP.
If land bridges from the LP did not provide routes for the invasion of the islands in the Beaver Island Archipelago by some terrestrial animals, water-or ice-crossing events are the most likely explanation for their colonization. A single founding event could have established populations that then radiated throughout the island group. The Nipissing high-water stage, however, submerged most of the islands from about 7000 to 4500 YBP (Larsen 1985) , presumably extirpating their faunas. Only a few of the larger islands were left as possible refuges and any species sheltering there would suffer from genetic bottlenecks. Either a single founding event or a subsequent bottleneck during the high-water stage would be expected to produce modern populations containing a small number of very closely related haplotypes across all islands. By contrast, a large number of founding events originating from a diverse source population would produce populations with a relatively wide range of unrelated haplotypes on different islands. Here, we test for these scenarios with a population-level analysis of 481 bp of the mitochondrial control region from P. m. gracilis populations on six islands in the Beaver Island Archipelago.
Materials and methods

Sampling
A single 2 mm sliver of distal ear tissue was sampled from 15 live P. m. gracilis caught at two sites on Beaver Island, Michigan (45.6846°N, 85.5139°W; 45.6145°N, 85.5860°W) , in Sherman traps. Tissue samples were placed in SET buffer, stored on ice, and subsequently frozen at -20°C for processing. The e.Z.N.A. Tissue DNA Kit (Omega Bio-Tek, Norcross, Georgia, USA) was used to obtain DNA from the ear tissue. DNA was amplified and sequenced using the primers PeromtD-F4 and PeromtD-R, as described previously (Taylor and Hoffman 2010) . Sequences for populations in the UP, LP, and other islands have been previously described (Taylor and Hoffman 2010) . These sequences cover 103 individuals from seven populations in the UP, 78 individuals from six islands, and 25 individuals from one of the few remaining populations of this species in the LP (Figs. 1, 2) , for a total of 119 new and published sequences. A complete list of individuals and haplotypes is given in Supplementary Table S1 1 . Sequences were aligned with the version of ClustalW (Larkin et al. 2007 ) embedded in MEGA version 4.0 (Tamura et al. 2007 ).
Statistical analyses
We collapsed sequences to haplotypes using the online software package FaBox (Villesen 2007 ) and estimated diversity using haplotypic richness or number of haplotypes. We constructed a haplotype network using the parsimony method implemented in the program TCS version 1.21 (Clement et al. 2000) , which links the most closely related pairs of haplotypes and creates empty nodes where multiple mutational steps must occur between two haplotypes. The network included all sequenced haplotypes from the islands and from eight sites on the UP and LP of Michigan.
To further examine the history of the island populations, we used approximate Bayesian computation (ABC) to evaluate scenarios about the colonization of the Beaver Island Archipelago from the UP, using the program DIY-ABC version 2.0 (Cornuet et al. 2008) . ABC is a simulation-based method for evaluating colonization scenarios based on summary statistics. Population data sets were simulated based on user-defined colonization scenarios and the summary statistics from those data sets were then compared with the observed data (Cornuet et al. 2008) . We constructed four scenarios describing the colonization of the islands from the UP (Fig. 3) . In all scenarios, all populations were sampled in the present (time 0). In scenario 1, all island populations (labeled N3-N6) diverged from an ancestral Beaver Island population (N3) at a relatively recent time (t1) in the past; the UP, LP, and ancestral island populations diverged at a more distant time in the past (t2). Scenario 2 is identical to scenario 1, except that it postulates a bottleneck in the ancestral island population (N3) at time t2-db. In scenario 3, island populations separated from the UP (N1) at a recent time (t1); the UP and LP (N2) diverged at a more distant time in the past (t2), after which the LP experienced a bottleneck (at time t2-db). Scenario 4 is similar to scenario 3, except that it postulates a shared ancestry for the Beaver Island (N3) and Hog Island (N5) populations, but separate colonization of the other islands from the UP (N1). We did not include any models in which the LP was colonized after the islands, because DIY-ABC could not reconcile the phylogeny with those scenarios. We also used a preliminary examination of haplotype distributions (Fig. 2) to determine whether islands were colonized in groups (Hog Island with Beaver Island, and others independently); these groupings were incorporated into scenario 4. All scenarios assumed that the UP was the source of all populations, based on data presented elsewhere Hoffman 2010, 2012) . We built a reference Islands. Samples from all labeled islands except for Garden Island were included in the study. Is., island. table of 5 × 10 5 simulated data sets per scenario, setting priors according to a mitochondrial mutation model, with maximum divergence times, population sizes, and bottleneck sizes developed based on species biology and the geological history of the region.
We compared the four scenarios using the logistic regression option in DIY-ABC. For this analysis, we included the summary statistics from the closest 1% of the data sets in the reference table. The statistics we used for individual sites and site pairs were the number of haplotypes, the number of segregating sites, and the mean of pairwise differences (W, B) ; per site, we used the variance of pairwise differences and Tajima's D; and between sites, we used the pairwise F ST values. A complete list of parameters and priors is given in Supplementary Table S2 . 1 We examined confidence of scenario choice using 500 data sets under each of the four scenarios and compared the summary statistics of the observed data set with those in the posterior distribution using principal component analysis (Cornuet et al. 2008) .
Results and discussion
Haplotype distribution and colonization
We evaluated 481 bp of partial mitochondrial D-loop sequence from 205 individual mice, representing 41 total haplotypes. We deposited new sequences in GenBank (accession Nos. KP321943-KP321957). We found only eight haplotypes on the islands (Fig. 2) , of which two were shared with the mainland. All (6/6) of the unique sequences (haplotypes) found on the islands were found only on a single island (Fig. 2) . The two mainland (UP) haplotypes found on the islands, UP1 and UP2, were both found on Beaver Island; UP2 was also found on Whiskey, High, and North Fox islands. On the UP, UP2 is widely distributed across the central and eastern parts of the peninsula, while UP1 is distantly related to the other haplotypes presented here and has been found only in the Delta and Alger county populations in the west-central UP. Therefore, the presence of these two haplotypes on the islands could be explained by a single founding event by central UP mice from the vicinity of Delta and Alger counties.
Clear ancestors of the other island haplotypes have not been detected in the central UP, so accounting for the presence of these haplotypes (especially BA1) is more difficult; based on the geographic distribution of the most similar haplotypes, they likely result from at least one independent founding event by mice from the eastern UP (Fig. 2) . For example, the island haplotype BA1 is most closely related to mainland haplotype UP5, which has been found only in Schoolcraft, Chippewa, and Mackinac counties in the eastern UP. No haplotypes were shared between the LP and the islands.
Most of the island populations, including those on Whiskey, North Fox, and High islands, have genetic compositions suggesting closer ties to the mainland UP than to any other islands. All of these islands contain the common haplotype UP2 and some islands contain a unique island haplotype, such as BA1 on North Fox Island or BA5 on High Island. However, in none of these cases is the most immediate ancestor of those island haplotypes also found on the islands; thus, there is no evidence that these haplotypes developed on the islands themselves. We conclude that the data support multiple colonization events from the UP rather Map is not to scale, as island sizes vary over two orders of magnitude and distances from islands to the Upper Peninsula (UP) are much larger than distances among islands. Haplotype position in the UP does not precisely represent geographical distribution because some haplotypes are widespread on the mainland. Is., island. than a bottleneck or strong founder effects as an explanation for the distribution of genetic variation among island mice. This result is consistent with a study of P. maniculatus on oceanic islands that are 35-50 km from the mainland, where the distribution of mtDNA haplotypes gave evidence for at least four separate founding events (Ashley and Wills 1987) .
Approximate Bayesian computation
The logistic regression method utilized by DIY-ABC selected scenario 3 for the colonization of the islands (posterior probability: 0.8093; 95% CI: 0.6896-0.9290). The probability of scenario 1 was intermediate (0.1007; 95% CI: 0.0251, 0.1764), while scenario 2 (0.0550; 95% CI: 0.0096-1005) and scenario 4 (0.0349; 95% CI: 0.0000-0.0748) were lower and comparable with each other. The preferred scenario (scenario 3) describes the colonization of all islands directly from the UP at approximately the same time, in contrast to other scenarios that feature the colonization of minor islands from Beaver Island or the colonization of islands in groups (Fig. 3) . Values from the posterior distributions of the parameters for this scenario are given in Supplementary Table S3 . 1 A principal component analysis indicates that the observed summary statistics are well within the range of statistics in the simulated data set (Supplementary Fig. S1 ). 1 Under this scenario, mice colonized the islands a median of 909 generations (455 years) ago, directly from the UP, with no bottlenecking.
Because the statistics for this group of populations are best described by a scenario of multiple direct colonizations from the mainland to the islands, we infer that Beaver Island was not an intermediate staging ground during the process of colonization, nor did it serve as a refugium during the Nipissing era high-water period that could have later facilitated recolonization of the other islands. This conclusion is consistent with the relative lack of haplotype sharing among populations, as described above. We thus expect that most of the island populations are less than a thousand years old (median t1: 909 generations or 455 years) and that the high proportion of private island haplotypes is primarily indicative of incomplete experimental sampling of the potential source populations on the UP, rather than of in situ evolution.
Recent colonization is consistent with the islands being relatively inhospitable during the Nipissing high-water period; any populations that colonized the islands during the Chippewa period may have been extirpated during the Nipissing, to be reestablished by colonizers from the UP in relatively modern times. We can only speculate on how these terrestrial animals may have reached the islands in the post-Nipissing period, but the obvious Fig. 3 . Scenarios for the colonization of islands and the Lower Peninsula (LP) of Michigan from the Upper Peninsula (UP). Each population is represented in the model depictions by several different terms: "Pop X" represents population X as it exists in nature at the present time; "Sa X" is the genotyped sample that was taken from each population; and "NX" is the population size parameter for that population. The timeline is at the right of each box, with 0 representing present time and time parameters t1, t2, etc. representing increasing times in the past. N2b, t2-db, and t3-db are population sizes and times associated with postulated bottlenecks. Populations are as follows: 1, combined UP; 2, LP; 3, Beaver Island; 4, High Island; 5, Hog Island; 6, Whiskey Island; 7, Squaw Island; 8, North Fox Island. Posterior probability for scenario 3 is 0.8093 (95% CI: 0.6896-0.9290).
natural possibilities are by swimming, by crossing solid ice, or adrift on floating vegetation. This group of mice is much better at crossing significant water barriers than would be expected of such small terrestrial mammals; Sheppe (1965) found swimming to be an important factor in island colonization by the congeneric white-footed mouse (Peromyscus leucopus (Rafinesque, 1818)), though that was over much shorter distances. Peromyscus maniculatus is relatively competent at island colonization, but even the 15 km from the UP to the islands is outside the extremes of its known over-ice dispersal capability (Lomolino 1989 (Lomolino , 1993 . The over-water distances from the UP to the islands are generally shorter than those from the LP, so easier opportunistic travel by water, or more likely on ice or on debris from the UP, could explain the colonization from this direction.
Finally, humans could have accidentally transported mice to the islands. Evidence for human use of the area dates to about 12 000 YBP (Cleland 1982; O'Shea et al. 2014 ), but becomes more common about 2000-1500 YBP, by which time people were actively fishing from encampments on the northwestern shore of Lake Michigan (Mason 1966; Cleland 1982) . There were at least transient human settlements on Beaver Island in the pre-contact era, approximately 1300-600 YBP (Fitting 1973) , so humans certainly could have facilitated mouse colonization in the time period of interest.
Genetic diversity
Of the island populations we studied, the Beaver Island population was the most diverse, as measured by haplotypic richness (Fig. 2) . In addition, the private haplotype BA2 provides the only likely example of in situ mutation; this haplotype appears to be an immediate derivative of another haplotype found on the same island, although the possibility remains that it represents an unsampled mainland haplotype. We conclude that only the Beaver Island mice show any genetic evidence of a large sustained population size and possible pre-Nipissing origins. Our results are consistent with the greater allozyme heterozygosity in Beaver Island mouse populations compared with those on other islands (Meagher 1999) . These studies of deer mice are also consistent with Garter Snake mitochondrial haplotype richness (Placyk et al. 2007 ), which showed its highest diversity levels on Beaver Island.
The mice examined in our study show especially low mitochondrial genetic diversity, even when compared with other isolated island populations. For instance, 23 haplotypes were found among skinks on four of the Canary Islands (Brown and Pestano 1998) , 29 haplotypes were observed among Tenerife Blue Tits (Cyanistes teneriffae Lesson, 1831) on six islands in the same region (Dietzen et al. 2008) , and 26 haplotypes were found in P. maniculatus on the Channel Islands (Ashley and Wills 1987) . The lower diversity we observed for the Lake Michigan mice is unsurprising given their very recent colonization of the islands, which has left time for only minimal on-island diversification to occur.
Conclusions
Beaver Island is a plausible intermediate site for the colonization of the other northern Lake Michigan islands by deer mice because of its presumed Chippewa-stage connectivity to the LP, its large target size for opportunistic dispersers, and its ability to sustain populations through the Nipissing-era high waters. However, our results suggest that, while Beaver Island populations may be relics of a pre-Nipissing colonization, they are not the likely source of the populations on the nearby islands. The smaller islands were probably colonized directly from the UP, as indicated by the distribution of mitochondrial haplotypes and by our ABC analyses. The history and landscape of the region suggest that these colonization events would likely have occurred after the Nipissing stage, when the smaller islands had recovered sufficient area to support lasting mouse populations. If accomplished via natural over-water processes, this represents an impressive series of dispersal events for such a small terrestrial animal. Paleontological and further archeological data would be invaluable for timing the arrival of this and other animals to the islands and for evaluating the alternative possibility of human-mediated colonization.
